Introduction
Chronic kidney disease (CKD) affects 7%-12% of the general population, and progression of CKD is associated with increased morbidity and mortality (1, 2) . Established clinical risk factors for progression to end-stage renal disease (ESRD) are reduced eGFR, increased levels of proteinuria and albuminuria, as well as the presence of diabetes and hypertension. Histological hallmarks of progressive loss of renal function include infiltration of the kidney with inflammatory cells, activation and proliferation of fibroblasts, excessive production and deposition of extracellular matrix components, and rarefaction of tubular capillaries, finally resulting in irreversible tubulointerstitial fibrosis and atrophy (3, 4) . At the molecular level, these processes are triggered by and lead to de novo intrarenal expression of miRNAs and mRNA transcripts representing damaging as well as protective/regenerative mechanisms (5) . Traditionally, research has focused on the activation of deleterious factors and pathways that drive CKD progression.
We have previously consolidated a set of proteins with renoprotective potential based on scientific literature (6) . A few of these factors are actually direct drug targets of therapies, such as the vitamin D receptor (VDR), the glucagon-like peptide 1 receptor (GLP1R), or the peroxisome proliferator-activated receptor γ (PPARG). Other factors are currently investigated in clinical trials in the context of diabetes and kidney disease such as the hepatocyte growth factor (HGF) or proopiomelanocortin (POMC) encoding among others for the polypeptide hormone adrenocorticotropin. Proteins are, therefore, included in the set of renoprotective factors and hold the potential to serve as drug targets, biomarkers, or drugs themselves in the context of kidney disease. Identification of biomarkers most often focuses on molecules with damaging properties being elevated in the diseased state. A systematic evaluation of the association of disease progression with renoprotective factors has not been conducted so far to our knowledge.
An imbalance of nephroprotective factors and renal damaging molecules contributes to development and progression of chronic kidney disease (CKD). We investigated associations of renoprotective factor gene expression patterns with CKD severity and outcome. Gene expression profiles of 197 previously reported renoprotective factors were analyzed in a discovery cohort in renal biopsies of 63 CKD patients. Downregulation of dicarbonyl and L-xylulose reductase (DCXR) showed the strongest association with disease progression. This significant association was validated in an independent set of 225 patients with nephrotic syndrome from the multicenter NEPTUNE cohort. Reduced expression of DCXR was significantly associated with degree of histological damage as well as with lower estimated glomerular filtration rate and increased urinary protein levels. DCXR downregulation in CKD was confirmed in 3 publicly available transcriptomics data sets in the context of CKD. Expression of DCXR showed positive correlations to enzymes that are involved in dicarbonyl stress detoxification based on transcriptomics profiles. The sodium glucose cotransporter-2 (SGLT2) inhibitors canagliflozin and empagliflozin showed a beneficial effect on renal proximal tubular cells under diabetic stimuli-enhanced DCXR gene expression. In summary, lower expression of the renoprotective factor DCXR in renal tissue is associated with more severe disease and worse outcome in human CKD.
In this study, we investigated a set of renoprotective factors on the transcriptome level and determined their association with disease outcome in a discovery cohort of 63 CKD patients in the search for novel therapeutic targets. Findings were validated in independent CKD patient cohorts, including the multicenter and multiethnic Nephrotic Syndrome Study Network (NEPTUNE) cohort of 225 patients. The most promising candidate, DCXR, was further investigated on a functional level making use of human and in vitro transcriptomics data sets.
Results
In the current study, we investigated 187 proteins with renoprotective potential based on findings from the literature.
Clinical drivers of disease progression in the CKD discovery cohort. A retrospective cohort of 63 patients with various CKD diagnoses and available follow-up data was used as the discovery cohort to evaluate the association of renoprotective factors with CKD progression. Twenty-four of the sixty-three CKD patients developed end-stage renal disease (ESRD) -defined as the need for dialysis or renal transplantation -or experienced a 2-fold increase of serum creatinine and were therefore categorized as the progressive group. The median follow-up time was 6.9 years. At biopsy, patients in the progressive group, as compared with the group of stable patients, were older (56 years versus 41 years on average) and also had lower eGFR (49.54 ml/min/1.73 m 2 vs. 71.73 ml/min/1.73 m 2 ). The percentage of male patients was also higher in the progressive group (Table 1) .
Different diagnoses were represented in the set of 63 patients, with lupus nephritis (LN, n = 11), minimal change disease (MCD, n = 10), and membranous nephropathy (MN, n = 10) being the 3 most frequent disease entities. Type of diagnosis was associated with outcome (P < 0.0001) in Kaplan-Meier analysis. Whereas urinary protein to creatinine ratio (UPCR) was not associated with disease progression, both sex (P = 0.0062) as well as eGFR at time of biopsy (P = 0.0033) were significantly associated with the course of disease, with male patients and patients with lower eGFR values having worse prognosis in Kaplan-Meier analysis. The list of patient IDs and group assignment is available in Supplemental Table 1 .
Association of renoprotective factors with disease outcome in the CKD discovery cohort. Six renoprotective factors that were significantly downregulated in progressive patients were identified after statistical analysis of microarray (SAM) analysis: dicarbonyl and L-xylulose reductase (DCXR), epidermal growth factor (EGF), glutathione S-transferase mu 1 (GSTM1), kininogen 1 (KNG1), nitric oxide synthase 3 (NOS3), and uromodulin (UMOD).
All 6 proteins were also significantly associated with outcomes in Kaplan-Meier analysis when grouping patients into tertiles based on marker expression levels ( Figure 1 ). The lowest P value after log-rank test was observed for DCXR (P < 0.0001). EGF, KNG1, GSTM1, and NOS3 all showed significant positive correlations with baseline eGFR values ( Figure 2) . However, the correlation coefficient of DCXR with baseline eGFR was 0.31 was not significant after correction for multiple testing. DCXR showed significant positive correlations with EGF (rho = 0.41) and KNG1 (rho = 0.59). UPCR did not show a marked correlation to any of the other parameters under study.
With available biomarker evidence in scientific literature for EGF, KNG1, GSTM1, NOS3, and UMOD, we focused in all further analyses on DCXR, for which no biomarker information in the context of human CKD was found in the literature.
DCXR expression across different CKD diagnoses and association with degree of histological damage. Expression levels of DCXR were evaluated across the different disease diagnoses in the CKD discovery cohort. The lowest median DCXR expression levels were found in the set of patients with membranoproliferative glomerulonephritis (MPGN), vasculitis, and diabetic nephropathy (DN). The highest median DCXR expression values were found in the set of minimal change disease (MCD) patients, who all showed a stable course of disease ( Figure 3A) .
We observed an overall trend of lower DCXR values being present in samples with a higher degree of histological damage. Significant associations were identified for interstitial inflammation (P < 0.001) and interstitial fibrosis (P = 0.0157; Figure 3B ).
DCXR is predominantly expressed in the tubulointerstitium. In order to determine the levels of DCXR transcript and protein abundance in the different renal compartments, we assessed DCXR abundance in 3 gene expression data sets as well as data from the Human Protein Atlas. DCXR expression was found to be significantly higher (fold change = 3.36, P < 0.001) in the tubulointerstitium, as compared with glomeruli based on a published microarray data set in which renal tissue has been microdissected (7) ( Figure 4A ). This is in line with data from the Human Protein Atlas indicating that DCXR is abundant (on the protein level) in tubulointerstitium, whereas, almost no protein is found in the glomeruli ( Figure 4B) .
DCXR also showed enriched mRNA expression patterns in human proximal tubular cells in comparison with other cell types based on data from a high-resolution single-cell RNA-seq data set, as shown in Figure 4C . DCXR expression was particularly elevated in S1, S2, and S3 tubular segments as shown in Figure 4D based on the second high-resolution RNA-seq data set under study.
Validation of DCXR regulation in CKD in 3 independent transcriptomics data sets. DCXR expression in tubulointerstitium was furthermore evaluated in 3 independent CKD gene expression data sets. A significant downregulation of DCXR in diseased samples could be observed in all 3 cohorts under study. The largest DCXR downregulation was observed in a data set of 5 CKD samples, as compared with healthy control samples (fold change = -12.91, P = 0.004; Figure 5A ). DCXR was also significantly downregulated in tubulointerstitium in 10 DN samples from the Woroniecka database (fold change = -2.52, P = 0.008; Figure 5B ) as well as in 10 DN samples from the European Renal cDNA Bank (ERCB) (fold change = -1.90, P = 0.016; Figure 5C ).
Validation of DCXR's association with disease progression in the NEPTUNE cohort. The association of DCXR downregulation with the disease composite outcome was validated in patients with nephrotic syndrome from the large prospective multicenter and multiethnic NEPTUNE cohort. Basic characteristics of the NEPTUNE patients included in this study are provided in Table 2 .
The tubulointerstitial expression of DCXR showed a significant association (P = 0.0001) with disease outcome in Kaplan-Meier analysis ( Figure 6A ). Patients from the first tertile based on DCXR values showed a significantly increased risk of progression compared with patients from the other 2 tertiles (P = 0.0023 and P = 0.0002, respectively, log-rank tests).
Figure 2. Correlations of continuous parameters in the discovery cohort (n = 63).
Spearman's rank correlation coefficients are given for the 6 identified renoprotective factors and the clinical parameters age, eGFR, and UPCR. Significant positive and negative correlations after multiple testing corrections are highlighted in shades of red and blue, respectively. Spearman's rank correlation test was used to assess significance. Nonsignificant correlations are displayed with a white background.
Despite smaller sample and event size, lower DCXR values were associated with worse outcome in the diagnosis-specific subgroup analysis in patients with focal-segmental glomerulosclerosis (FSGS) and MCD (Supplemental Figure 1) .
DCXR expression was positively correlated to baseline eGFR (rho = 0.45, P < 0.001) and negatively correlated to UPCR (rho = -0.27, P < 0.001) in NEPTUNE ( Figure 6 , B and C). DCXR expression was also associated with the degree of histological damage, as indicated by the significant negative associations with the degree of interstitial fibrosis (rho = -0.30, P < 0.001; Figure 6D ) and tubular atrophy (rho = -0.30, P < 0.001; Figure 6E ) respectively.
DCXR as well as eGFR were associated with a worse prognosis in Cox regression analysis with hazard ratios of 0.44 and 0.49, respectively. Age, tubular atrophy, interstitial fibrosis, and UPCR were also significant in Cox regression analysis ( Figure 7) .
Association of DCXR with members of the formation of xylulose-5-phosphate pathway and the dicarbonyl stress detoxification cascade. DCXR is member of the formation of xylulose-5-phosphate pathway. Tubular DCXR expression was significantly positively associated with almost all members of this metabolic pathway, namely aldo-keto reductase family 1 member A1 (AKR1A1), crystallin lambda 1 (CRYL1), sorbitol dehydrogenase (SORD), as well as xylulokinase (XYLB; Figure 8 ).
We furthermore determined correlations of DCXR expression with key enzymes involved in dicarbonyl stress detoxification. While renal DCXR expression showed the strongest positive correlation to AKR1A1, the next strongest correlation was observed with hydroxyacylglutathione hydrolase (HAGH), also known as glyoxalase 2. Interestingly, DCXR showed no correlation to glyoxalase 1 (GLO1) and a negative correlation to aldo-keto reductase family 1 member B (AKR1B1).
Effect of SGLT2 inhibition on tubular DCXR expression in vitro.
We investigated the effect of the sodium glucose cotransporter-2 (SGLT2) inhibitor canagliflozin on DCXR expression in human renal proximal tubular cells (HK2) that have been stimulated with high glucose. Canagliflozin significantly enhanced expression of DCXR in HK2 cells by 1.28-fold (P = 0.0194; Figure 9A ). The upregulation of DCXR expression by SGLT2 inhibition was substantiated when extracting DCXR expression levels from a recently published transcriptomics data set (8) . The authors of this study have determined gene Violin plots indicating that DCXR expression is mainly restricted to S1, S2, and S3 tubular segments. S1, S1 proximal tubule; S2, S2 proximal tubule; S3, S3 proximal tubule; IMCD, inner medullar collecting duct; CCD, cortical collecting duct; DCT, distal convoluted tubule; OMCD, outer medullary collecting duct; mTAL, medullary thick ascending limb; CNT, connecting tubule; cTAL, cortical thick ascending limb; SDL, short descending limb; LDLOM, long descending limb, outer medulla; LDLIM, long descending limb, inner medulla; tAL, thin ascending limb; G, glomeruli; RPKM, reads per kilobase million. 
Discussion
This is, to our knowledge, the first study reporting on the association with disease progression of the renoprotective factor DCXR in the context of human CKD. We show that (a) DCXR expression in renal tissue is downregulated in CKD as compared with healthy controls; (b) DCXR expression is mainly restricted to S1, S2, and S3 renal tubular segments and also protein abundance is restricted to the tubular compartments; (c) DCXR is associated with CKD outcome, a finding that was validated in studying the NEPTUNE cohort; (iv) DCXR is associated with enzymes linked to dicarbonyl stress detoxification in human renal tubular tissue; and (d) DCXR expression is upregulated in renal proximal tubular cells by SGLT2 inhibitors in vitro.
A number of clinical parameters has been reported to be associated with the course of disease development in CKD patients, including impaired renal function itself, hypertension, as well as the degree of proteinuria (9-11). Other risk factors associated with a worse prognosis are presence of cardiovascular disease or diabetes, black race, or being male (12) .
Our discovery cohort of 63 CKD patients seems to be representative, with significant associations to disease outcome observed for sex, baseline eGFR, and type of diagnosis. We decided to investigate this rather heterogeneous CKD patient population with different CKD diagnoses represented to increase our chances of detecting common renoprotective mechanisms and factors of general utility.
In addition to clinical parameters, a number of molecular biomarkers have been discovered, with the majority being elevated in the diseased state (13) (14) (15) (16) .
In this work, we were particularly interested in molecules with renoprotective properties instead of damaging potential. Of a previously published set of proteins with renoprotective potential (6), 6 are identified as predictors of CKD outcome in our discovery cohort. Evidence in the literature on the association with disease progression was available for EGF, KNG1, GSTM1, NOS3, and UMOD (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . The prognostic value of EGF has also been shown in the NEPTUNE cohort (18) . GSTM1 and NOS3 transcript levels on the Affymetrix platform were too low in NEPTUNE samples for survival analysis. KNG1 was significantly associated with disease progression in NEPTUNE (P = 0.047, log-rank test), whereas UMOD was not significantly associated with outcome (P = 0.77, log-rank test).
The focus of all further analyses and validation in the current study were subsequently on the sixth renoprotective factor, namely DCXR, for which no human data in the context of CKD disease progression is available. DCXR is a member of the formation of xylulose-5-phosphate pathway with the main function of converting L-xylulose to xylitol. Deficiency in DCXR is linked to pentosuria, a condition characterized by high L-xylulose levels in urine (27) . We found strong positive correlations of tubular DCXR expression Figure 5 . Validation of DCXR regulation in CKD in independent cohorts. DCXR expression was found to be significantly downregulated in an independent CKD cohort (A) and 2 DN cohorts (B and C), as compared with healthy control subjects, when reanalyzing independent transcriptomics data sets. P values are based on t tests. CTRL, control group; CKD, chronic kidney disease; DN, diabetic nephropathy; ERCB, European Renal cDNA Bank.
to other members of the formation of xylulose-5-phosphate pathway in our study. In the context of diabetes and kidney disease, another relevant renoprotective function is the ability to remove renal α-dicarbonyl compounds under oxidative circumstances, among them glyoxal, methylglyoxal (MG), as well as 3-deoxyglucosone (28, 29) . An abnormal accumulation of α-dicarbonyls, known as dicarbonyl cell stress, can lead to cell and tissue dysfunction, as dicarbonyls are considered precursors of advanced glycation end products (AGEs; ref. [29] [30] [31] [32] . DCXR expression levels were significantly positively correlated with 2 key enzymes in the dicarbonyl stress detoxification cascade, namely HAGH, also known as GLO2, and AKR1A1. Based on these data and consolidated literature information, we speculate that DCXR might offer a complementary way of counterbalancing dicarbonyl stress in human renal tubular cells (Figure 10 ).
The first clinical trials (NCT02095873) testing GLO1 inducers in the context of diabetes and associated vascular complications have already shown promising results (33, 34) . Induction of DCXR might, therefore, provide an alternative way of counterbalancing dicarbonyl stress to reduce generation of AGEs with a final beneficial effect on kidney function.
We were able to confirm the finding of reduced DCXR mRNA expression levels in tubulointerstitium in CKD in 3 independent studies ( Figure 5 ). We focused on DCXR expression in tubulointerstitium, as DCXR expression was significantly higher in tubulointerstitium as compared with glomeruli ( Figure 4 ). Based on single-cell RNA-seq data, DCXR expression is restricted to S1, S2, and S3 tubular segments ( Figure 4C ). The association of decreased DCXR levels in renal tissue with disease outcome in the discovery cohort of 63 CKD patients was validated in an independent cohort consisting of 225 patients from the NEPTUNE study. The major driver of this significant association with disease outcome, in both the discovery and the validation cohorts, are patients in the first tertile of DCXR expression levels, i.e., those patients with the lowest DCXR levels (Figure 1 and Figure 6A ). Patients with lower DCXR levels have increased risk of progression to the composite endpoint in the NEPTUNE cohort (HR = 0.44 [95% CI: 0.29-0.67]). The association of lower DCXR levels with worse prognosis was observed in all disease subgroups of the NEPTUNE cohort (Supplemental Figure 1) . The most significant association was found in the group of FSGS patients (the largest subgroup with 68 subjects). FSGS is one of the disease entities showing a large variance in the outcome parameter. The smaller sample sizes for the MN patient subgroup, as well as for the patient subgroup with other diseases, may have weakened the association with disease outcome. The association of DCXR expression with clinical outcome and histological damage suggests that DCXR is a marker mechanistically linked to renal damage and may, therefore, serve as a novel molecule for therapeutic intervention.
The renoprotective role of DCXR was first postulated by Sudo and colleagues in an animal model where DCXR was overexpressed (35) . DCXR was also found to be negatively associated with cortical (28) 17 (25) 6 (12) 25 (56) 16 (26) Steroids 79 (35) 23 (34) 25 (50) 9 (20) 22 (35
Key clinical parameters of the NEPTUNE validation cohort are given for the whole cohort as well as for the different diagnosis subgroups. Mean values plus standard deviations are provided for continuous parameters. eGFR, estimated glomerular filtration rate; UPCR, urine protein to creatinine ratio; FSGS, focal segmental glomerulosclerosis; MCD, minimal change disease; MN, membranous nephropathy; RAAS, renin angiotensin aldosterone system; NSAIDs, nonsteroidal antiinflammatory drugs.
interstitial fractional volume by Nair and colleagues (36) . In addition, calcineurin inhibitor treatment after renal transplantation had a detrimental effect on DCXR gene expression based on a microarray study by Maluf and colleagues (37) . DCXR protein concentration was also found to be upregulated around 2-fold in glomerular tissue from patients with diabetes mellitus who were being protected from development of diabetic kidney disease (38) . Very recently, DCXR was found in a proteomics study in a rat model to be downregulated in rat myocardium during development of type 2 diabetes (39). Overall, the evidence for DCXR being involved in CKD progression is high, based on data from our study, as well as data from the scientific literature on the mechanistic involvement of DCXR. We, furthermore, determined the effect of the SGLT2 inhibitor canagliflozin on DCXR expression in human renal proximal tubular cells in vitro. SGLT2 inhibitors are a class of antihyperglycemic drugs targeting the SGLT2 transporter in the S1 segment of the proximal tubule. SGLT2 inhibitors delay kidney function decline and have beneficial effect on cardiovascular outcome, although the exact underlying mechanisms are not fully understood (40) (41) (42) . Canagliflozin, in our study, significantly upregulated DCXR expression levels by 1.28-fold in HK2 cells that have been stimulated with high glucose. In a recently published transcriptomics data set the effect of the two studied SGLT2 inhibitors canagliflozin and empagliflozin was even higher, resulting in DCXR expression increases of up to 2.35-fold (8) . Upregulation of DCXR could therefore contribute to the renoprotective potential of SGLT2 inhibitors. DCXR itself or associated metabolites in the mechanistic context of DCXR deregulation might hold the potential to serve as predictive markers for SGLT2 inhibitors, which, however, needs to be determined in subsequent studies. Future mechanistic studies may also shed light on the link between SGLT2 inhibitors and dicarbonyl stress. Thus far, a beneficial effect of the SGLT2 inhibitor ipragliflozin on CCL2, ICAM1, and VCAM1 levels counterbalancing the induction by methylglyoxal has been reported in human umbilical vein endothelial cells (43) . Despite these congruent findings across different cohorts, this study has its limitations. Some CKD entities are not well represented in the discovery cohort and an analysis by CKD diagnosis was only feasible in the NEPTUNE validation cohort. Due to this composition of the discovery cohort, we might have missed some promising renoprotective factors with prognostic potential in specific CKD entities. We also only focused on those renoprotective factors being significantly downregulated in progressive CKD in this study.
Logical next steps in future studies are (a) to determine the potential of DCXR and mechanistically linked metabolites in body fluids as noninvasive prognostic biomarkers for CKD progression and (b) to identify endogenous upstream regulators and compounds capable of inducing DCXR expression. There is evidence that DCXR is detectable on the protein level in urine samples based on a mass spectrometry study by Adachi and colleagues in which they characterized the human urinary proteome (44) .
In summary, in this study, we showed that a downregulation of DCXR in renal tissue is associated with a poor prognosis in CKD. Mechanistically, this may be due to reduced capabilities to remove renal α-dicarbonyl compounds that are prominent precursors of AGEs. Enhancing DCXR expression may offer a strategy to counterbalance CKD progression with SGLT2 inhibitors, thereby, having a beneficial effect on DCXR expression levels in renal proximal tubular cells. 
Methods
Generating the set of renoprotective factors. In this study, we focused on a set of proteins previously reported to have renoprotective potential (6) . This set has been consolidated and manually curated based on information in the literature via mining NCBI's Gene Reference into Function (GeneRIF) gene descriptions in the context of renoprotection and renal repair. BIRC5 (45) , EGF (46), FGF1 (47) , and CCN3 (48) were added to this set and also considered in the current analysis. Associations with renoprotection of these 4 proteins were not based on GeneRIFs but evidence from the literature (45) (46) (47) (48) .
The discovery CKD patient cohort. We determined the association with disease progression of renoprotective factor gene expression by reanalyzing a retrospective cohort of 63 patients with various CKD diagnoses. Follow-up data from this patient cohort were updated in Q2 2018. Patients with a minimum follow-up time of 6 months who reached ESRD or experienced doubling of serum creatinine during the follow-up period were defined as progressive. Patients who did not develop ESRD or doubling of serum creatinine during follow-up with a minimum available follow-up time of 12 months were defined as stable. Clinical data from the last available follow-up visit were recorded in stable patients. For patients from the progressive group who started dialysis treatment, the last UPCR and serum creatinine values before initiation of dialysis were recorded. The Modification of Diet in Renal Disease Study (MDRD) formula was used to calculate eGFR values. Information on the degree of histological damage recorded by a pathologist was available for 55 patients. Gene expression analysis of renoprotective factors in the discovery cohort. Gene expression data of the 63 discovery cohort patients, which have been deposited in NCBI's Gene Expression Omnibus (GEO -GSE60861; ref. 5), were analyzed using the limma package of the statistical software framework R (49, 50) . Preprocessing consisted of background correction, quantile normalization and summarization of probes with the same sequence spotted multiple times on the array. The SAM method was used to identify differentially expressed transcripts between stable and progressive patients, with FDR set as <5%. As the focus was on downregulated renoprotective factors in disease, we used a fold-change cutoff of >1.25 when comparing stable and progressive patients.
DCXR expression analysis in renal compartments. DCXR mRNA expression and protein abundance levels in renal compartments were investigated using data from kidney donors with normal renal function from a published gene expression study by Lindenmeyer and colleagues (7), as well as data from the Human Protein Atlas (51) .
DCXR mRNA expression in different renal cell types or nephron segments was determined in 2 publicly available high-resolution single cell RNA-seq data sets. The first study published by Lee and colleagues provided comprehensive gene expression profiles in glomeruli and each of the 14 renal tubule segments after renal tubule microdissection from male Sprague-Dawley rats (52) . The second expression study included 3 single-cell RNA-Seq data sets using adult tumor nephrectomy samples specifically harvested for single-cell analysis using 10X Genomics methodology (53) .
Validation of reduced DCXR expression in patients with CKD. We extracted DCXR expression from 3 published independent transcriptomics data sets in the Nephroseq database (https://www.nephroseq.org/ resource/login.html). DCXR expression in renal cortex and tubulointerstitial compartments was compared between CKD patients and healthy controls in data from Woroniecka et al. (54) , Nakagawa et al. (55) , as well as in samples from the ERCB cohort (18) .
Validation of DCXR's association with disease progression. The association of DCXR expression with disease progression was assessed in samples with available gene expression profiles from the NEPTUNE cohort (56) . NEPTUNE is a multicenter prospective cohort study of patients with proteinuric glomerular disease for which comprehensive clinical and molecular phenotyping data was collected at 21 sites (57). DCXR correlations to eGFR and UPCR, as well as to the 2 histological parameters, degree of interstitial fibrosis and degree of tubular atrophy, were determined using Spearman's rank correlation coefficient. The degree of interstitial fibrosis and tubular atrophy was assessed by at least 5 independent pathologists and given as the average percentage of obtained scores (56, 58) . The association with disease progression was determined in time-to-event analysis using a composite endpoint of ESRD or 40% reduction of baseline kidney function. Time-to-event analysis was also performed for individual CKD diagnosis groups. Univariate Cox regression analysis was subsequently used to determine hazard ratios for molecular, clinical, and histological parameters. Gene expression data used in this study are available within the Nephroseq database.
Correlation analysis to assess the mechanistic context of DCXR in human renal tubuli. DCXR is a member of the formation of xylulose-5-phosphate pathway (Reactome pathway R-HSA-5661270). The correlation of DCXR mRNA expression to other pathway members was determined in the 4 human renal tubular gene expression data sets by Nakagawa et al. (55) , Woroniecka et al. (54) , ERCB (18) , and NEPTUNE (56) .
We furthermore investigated DCXR correlations based on tubular mRNA expression patterns to key members of the dicarbonyl stress detoxification cascade.
In vitro gene expression analysis of SGLT2 inhibition on DCXR expression. Human proximal tubular kidney cells (HK2) were purchased from ATCC (CRL-2190) and cultured in Keratinocyte-Serum Free Medium (Thermo Fisher Scientific) containing 10% fetal bovine serum, 5 ng/ml recombinant epidermal growth factor, 0.05 mg/ml bovine pituitary extract, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were grown at 37°C in a humidified atmosphere with 5% CO 2 . Cells were serum deprived for 24 hours after grown to confluence. Cells were treated with 0.5 μM canagliflozin or left untreated and subsequently stimulated with high glucose (30 mM). RNA was isolated after 24 hours with RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. RNA yield and quality were determined using a DS-11 FX+ spectrophotometer (DeNovix).
Gene expression profiling was done using Agilent Whole Human Genome Microarrays 4.44 v2 with 4 biological replicates in each study arm. Materials for microarray experiments were purchased from Agilent Technologies Inc. For each sample, 200 ng total RNA was used. Cyanine 3-labeled cRNA was generated with the Low Input QuickAmp Labeling Kit (5190-2305) for hybridization to oligonucleotide microarrays (Human GE 4x44K v2, G4845A). Arrays were scanned at 5 μm using an Axon Gene Pix 4000B scanner (Molecular Devices) and signal intensity data were extracted using Agilent Feature Extraction software (v.9.5.3.1).
Preprocessing of transcriptomics data, including background correction, normalization, filtering, and summarization of identical sequence probes, was done using the limma R statistical package. Normalized expression levels of DCXR were evaluated, comparing between untreated and canagliflozin treated samples. Microarray data have been deposited in NCBI's Gene Expression Omnibus database and are available with the accession number GSE106156.
We, furthermore, evaluated the effect of canagliflozin and empagliflozin on DCXR expression in 2 human proximal tubular cell lines in a data set that became publicly available during the course of finalizing the present manuscript (8) . In addition to gene expression in HK2 cells, we also investigated gene expression changes in RPTEs, a second widely used renal proximal tubular cell line. The lack of pretreatment with high glucose in prior studies was another difference in the experimental setup as compared with the cell culture experiments of the present study.
Statistics. All analyses were done using R version 3.4.1. Spearman's rank correlation coefficient was used in correlation analysis between renoprotective factors and continuous clinical parameters. Bonferroni correction was used to adjust for multiple testing in the correlation analysis. A 2-tailed t test was used for continuous, and χ 2 test for discrete, clinical parameters when comparing the stable and progressive patient groups. ANOVA was used to identify significant associations of DCXR with degree of histological damage. P values of less than 0.05 were considered significant. The ggplot2 R package was used for generating box plots and scatterplots. The corrplot R package was used for creating the correlation plot.
The survival R package was used for Kaplan-Meier analysis using the log-rank test statistic. The survminer R package was used for generating Kaplan-Meier curves for continuous parameters using tertiles. For Cox regression analysis hazard ratios and 95% confidence intervals were calculated.
Study approval. All biospecimens of the NEPTUNE cohort were procured after informed consent and with approval of the local ethics committees (see the Supplemental Acknowledgements for NEPTUNE enrolling centers). The University of Michigan Institutional Review Board approved gene expression studies (HUM0002468).
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